ABSTRACT
INTRODUCTION
Translation termination is a crucial step to terminate the synthesis of proteins, and is determined by the three stop codons, UAA, UAG, and UGA. Its accuracy reaches about 10 −4 ; and only a very few abnormal products are synthesized under normal conditions (Kirkwood et al., 1986) . Readthrough is an unusual process in which a stop codon is misread or skipped. Up to now, this was considered a translational error due to failure of the normal interactions between the mRNA and components of the translational machinery (Namy et al., 2001) , erroneous incorporation of an amino acid into a position * To whom correspondence should be addressed.
corresponding to the termination codon by a natural tRNA (Cassan and Rousset, 2001) , or the mutated suppressor tRNAs which carry an altered anticodon allowing the tRNA to misread a stop codon by normal base pair interactions (Beier and Grimm, 2001 ; Lecointe et al., 2002; Urban et al., 1996) . Drugeon et al. (1997) showed that not only tRNAs but also the release factors (eRF) play a crucial part in readthrough mechanisms.
Numerous studies indicate that nucleotides near the stop codon are known to affect the efficiency of translation termination. Both the sequence pattern UGAC in the Sindbis Virus (Li and Rice, 1993) and the pattern CAA UAG CAA UUA in the Tobacco Mosaic Virus (TMV; Pelham, 1978; Valle et al., 1992) , in yeast (Bonetti et al., 1995; Stahl et al., 1995) , and in plant cells (Skuzeski et al., 1990 (Skuzeski et al., , 1991 are well known as sufficient patterns to drive an efficient readthrough. In addition, the nucleotide immediately following the stop codon is a crucial determinant of translation termination both in prokaryotes and eucaryotes (Dalphin et al., 1997; Poole et al., 1998) .
Some translation is reported to be regulated by the readthrough event (Pringle, 1998; Tamada and Kusume, 1991; Wei et al., 2001) . One recent surprising report is that the extended Hdc protein which is synthesized by readthrough can carry crucial activities in the trachea of D.melanogaster. There is a potential stable hairpin loop structure immediately downstream of the 1st stop codon which may be the main factor regulating the readthrough event (Feng et al., 1992; Wills et al., 1991) . Both the normal Hdc protein and the longer one can inhibit terminal branching of neighboring tracheal cells. However, it has been shown that the longer Hdc protein is a much stronger inhibitor (Steneberg and Samakovlis, 2001) . Thus, by extracting a list of candidates of 'readthrough genes,' and by investigating functions of extended proteins, further insights can be obtained into translational regulation by the readthrough event.
One possible evidence that the expression of a given gene is regulated by readthrough is the existence of a protein motif at 3 UTR, because motifs often have a biological function, and a motif at that position has little way to function unless it is translated into protein by a reaction such as readthrough. In fact, we found a known protein motif, the 'protein splicing (intein)', at 3 UTR for the hdc gene, which is registered in the InterPro database (Zdobnov and Apweiler, 2001) .
In this report, we introduce a system for extracting candidates of 'readthrough genes', mainly based on the idea that transcripts which have a protein motif at 3 UTR provide possible evidence for a readthrough event. Using this system, we extracted candidates for novel readthrough genes in D.melanogaster. We then validated our results by characterizing the base preferences and potential secondary structures of the extracted candidates.
MATERIALS AND METHODS

Data sources
The system used nucleic acid sequences in the GenBank database (Benson et al., 2002) as inputs. To detect known motifs in the sequences, the motif database InterPro ) was used along with the software InterProScan version 3.1 obtained from ftp://ftp.ebi.ac.uk/ pub/databases/interpro/iprscan/. Figure 1 represents the basic pipeline of our system which extracts readthrough candidates. The system first extracts the nucleic acid sequences of specified organisms from the GenBank database (Step 1). As the GenBank database contains redundancies, the system reduces them using the tool Cleanup (Grillo et al., 1996;  Step 2).
Basic pipeline for extraction of readthrough candidate genes
Next, the 3 UTR sequences were translated into protein and the system searched whether there is any protein motifs registered in InterPro (Step 3). If the frameshift occurred in a readthrough event, there would be three possible reading frames downstream of the 1st stop codon for one sequence. Therefore, all three reading frames in 3 UTR were translated into protein. If no motif was found, the sequence was assumed to be a non-candidate.
If a motif was found, an analysis to check that the 1st stop codon indeed existed and was located in-frame was performed, as the sequences deposited in the GenBank may contain sequence errors. In particular, a frameshift due to sequencing errors or base call errors in stop codons are a critical problem. To filter out sequences with such critical problems, a homology search against the protein database was executed, and those sequences which had at least one hit protein with both terminals completely matching to both terminals of CDS, but with Step 1
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Fig. 1. Basic pipeline of readthrough candidate extraction system. an identity below 100%, were selected. In this case, it was assumed that the in-frame stop codon appeared in several different sequences. This task was performed in Step 4. In particular, the extracted sequences were subjected to BLASTX and FASTA searches against the protein database nr (ftp://ftp.ncbi.nlm.nih.gov/blast/db/) to check the identity, and to check that at least one protein existed whose N-and C-terminals both matched exactly to the CDS start and stop (1st stop codon) of the given nucleic acid sequence. If this was the case, the sequence was considered a 'reliable sequence'. If not, the sequence was optionally discarded (See homology search and protein motif search.).
Finally, the positions of the motif and 2nd stop codon located downstream were checked to confirm that the translation of 3 UTR was invoked by the readthrough terminates (Step 5). The series of these analyses provided a list of readthrough candidates.
For candidate sequences, analyses of the potential secondary structures or base preferences around the stop codons can be conducted to check that the candidates have characteristics specific to readthrough genes (Step 6). One can also extract candidates that give stronger evidence of being readthrough genes by considering these characteristics. In addition, the homology of the given gene to other eucaryotes (C.elegans and S.cerevisiae) can be checked to investigate whether the extended protein is conserved in other species. This may support the idea that the extended protein is functional, and presumably has a biologically important function.
The system is implemented by Perl version 5, and runs under G-language GAE (Arakawa et al., 2003) . Homology search and protein motif search BLAST (Altschul et al., 1997) and FASTA (Pearson et al., 1997) are useful for fast search and precise alignment, respectively. First, a BLAST search was executed (the evalue threshold was set to e-100). Then, the hit sequences were subjected to FASTA alignment.
The software used for the motif search was InterProScan v3.1 (Zdobnov and Apweiler, 2001) , which uses the InterPro database as a reference. The default parameter settings were used for the search.
Analysis of base preferences around stop codons
To investigate the base preferences around the stop codons, we calculated the frequency of each base at each of the 40 positions from −19 to +20 with respect to the stop codons using the system. The statistical significance of the differences of the preferences between the candidates and non-candidates were evaluated by the χ 2 test.
Prediction of secondary structure with RNAfold
We predicted the stability of the potential secondary structure of the sequence using the tool RNAfold (http:// www.tbi.univie.ac.at/∼ivo/RNA/) wrapped in our system. The stable secondary structure tends to have low free energy. We calculated the potential free energy of every local region of the sequence by placing a window on the sequence, and predicted the secondary structure of the sequence fragment in the window (Fig. 2) . The window was moved from −200 to +200 with respect to the stop codons, stepping 10 bps each time. The size of the window was set to 50, 100 and 150 bps. Therefore, we obtained 93 free energies for one sequence.
We also calculated the free energy of the sequence region around the 1st and 2nd stop codons (denoted as region 1 and region 2 in Fig. 3 ) for the cases where there were any protein motifs in between one of the three reading frames. We defined the 2nd stop codon as the one within the same reading frame of the motif. The region sizes were set to −25 to +25, −50 to +50, and −75 to +75 with respect to these two stop codons. We did not take the case where the region 1 and 2 overlap into account.
RESULTS
Extraction of readthrough candidates in D.melanogaster
From the 4082 nucleic acid sequences of D.melanogaster, the system translated the 3 UTR of these sequences into proteins and executed a motif search using InterProScan. There were some sequences that lacked the 3 UTR or had too short 3 UTRs, and they were discarded. The system listed 162 gene sequences which had any motif at 3 UTR, and 2384 gene sequences which did not (defined as noncandidates). From the 162 sequences, the system extracted 91 reliable sequences. After checking the position of the 2nd stop codon and the upstream motif to confirm that translation of the 3 UTR caused by the readthrough terminates, the system listed 85 sequences as candidates of readthrough genes ( Table 1 ). The candidates contained DMIS297 which is known as a copia-like transposable element with well-known frameshift regulation to produce prolonged functional products (Inouye et al., 1986) , and this can be regarded as true positive.
In the subsequent analysis, we characterized these 85 candidate sequences to further validate our system. Candidate sequences construct a more stable secondary structure Using RNAfold, we calculated the potential secondary structure at every 10 bps position from −200 to +200 bps with respect to the stop codon. At each position, we extracted three different sizes of sequences, i.e. 50, 100, and 150 bases, and subjected them to secondary structure prediction (see Materials and Methods for details). The high stability of the secondary structure appears in low free energy. The prediction of the secondary structure near the stop codon of the coding region (defined as the 1st stop codon) showed a difference in stability between the candidate sequences and the non-candidate sequences. As shown in Figure 4 , the relative frequency of the free energy in the candidate sequences was lower than that of the noncandidates (only the result for 100 bps is shown). We obtained similar results for all three sizes of windows. Figure 5 shows the average of the free energy at each position. The line 'candidates' indicates the average of the candidate sequences, and the 'non-candidates' indicates that of the non-candidates. The line 'hdc' shows the free energy of the sequence which code the hdc gene. Only the results for the prediction of the 100 bps sequences are shown as results, because the other two lengths are similar.
Obviously, the free energy of the hdc sequence shows a prominent decline around position 0. This remarkable stability of the secondary structure just at the position of the stop codon implies a high possibility of interfering translation termination. Although we did not observe a clear decline of free energy around the stop codons for the 'candidates' compared to the hdc sequence, the overall free energies of the 'candidates' around the stop codon were clearly less than those of the 'non-candidates'. (The statistical significances of these differences at position −20 and 0 are P < 5.0 × 10 −5 and P < 8.3 × 10 −5 respectively.) Therefore, we suggest that the existence of the stronger secondary structure is the overall tendency, and that a strong secondary structure for each gene does not always exist.
In the candidate sequences, there was a notable difference in the stability of the secondary structure between the 1st stop codon and the 2nd stop codon. The 2nd stop codon is the one that is expected to terminate translation if the readthrough event occurs. In approximately 87% of the sequences, the free energies around the 1st stop codons were lower than those around the 2nd stop codons. Figure 6 shows the distribution of the free energies for the 1st and 2nd stop codons. The mean value of 'stop 1' is −28.18, while that of 'stop 2' is −19.73 (P < 2.3×10 −9 ), suggesting that the tendency to have a relatively stable secondary structure is specific to the 1st stop codon, which may be skipped by the readthrough.
Base preferences around the stop codons of the candidates and non-candidates are different
We investigated the base preferences around the stop codons of the candidate and non-candidate sequences (−19 to +20 with respect to the stop codons). The results are shown in Figure 7 (only the results for +1 to +4 are shown). The results of the χ 2 tests are shown in Table 2 (only the positions with a P-value less than 0.05 are shown). The nucleotides near the stop codon showed different preferences between the candidate sequences and the non-candidates, especially for some positions downstream of the stop codon. In particular, we observed that the frequency of adenine (defined as A) showed a significant difference at position +1 and +2 between the candidate and non-candidate sequences. In addition, cytosine (defined as C) showed differences at positions +1 and +2, and guanine (defined as G) at position +3. In addition to these positions near the stop codon, we observed remarkable differences at positions +12, +13 and +16, and also in the upstream of the stop codon, at positions −3, −6 and −14. The nucleotides immediately upstream and downstream of the stop codon are well known as the crucial determinants of translation termination. There are notable reports that show the features of the sequences and give the readthrough rate > 5% (Bonetti et al., 1995; Cassan and Rousset, 2001; Namy et al., 2001; Poole et al., 1995; Tate et al., 1996) . According to those reports, only C and A were present at positions +1 and +2, and A or G at position +3, and no bias was observed at position +4. Therefore, the base preferences we found at position +2, +3, and +4 for the candidate sequences are consistent with the previous report on readthrough genes.
About half of the candidate sequences showed a significant homology toward the normal gene of C.elegans We executed homology searches (both BLAST and FASTA) against the protein sequences of C.elegans. Fiftyone sequences (60% of all candidates) had significant homology (e-values under 1e-30). We also compared candidate sequences with the S.cerevisiae proteins, and, as a result, 25 sequences (30% of all candidates) showed a high homology, implying that the products of many candidates have critical functions in the cell. Figure 8 shows two examples in which the extended products (by readthrough) of candidates have the same motif as the homologs of other eukaryotes. -4 1 -3 9 -3 7 -3 5 -3 3 -3 1 -2 9 -2 7 -2 5 -2 3 -2 1 -1 9 -1 7 -1 5 -1 3 -1 1 -9 -7 -5 -3 -1 n e x t free energy frequency stop1 stop2 Fig. 6 . Comparison of the free energy of the potential secondary structure around the 1st stop codons and the 2nd stop codons. D.melanogaster (true positive) with the homologs of C.elegans and S.cerevisiae. This gene synthesizes the hypothetical protein 'P20828' in a normal situation, and carries the protein motif 'rvt' and 'rve' at 3 UTR. In C.elegans and S.cerevisiae, the same protein motifs exist inside CDS. Similarly, DMMEF2 has an ANTIFREEZEI motif at 3 UTR and is homologous to CAB02131 of C.elegans, which has the same motif in the CDS (Fig. 8b) . The existence of these examples in D.melanogaster strongly supports the idea that some of the extended sequences synthesized by a readthrough event can carry functional activities.
DISCUSSION
Our system has extracted 85 readthrough candidates of D.melanogaster. Although it must be admitted that there may be sequencing errors in the GenBank sequences, we believe that the procedure of Step 4 (Fig. 1 ) in our system discards most of the sequences which present critical problems. We note that the whole coding regions of 63 candidate sequences matched with one of the full length cDNA sequence collection in Berkeley Drosophila Genome Project (BDGP; Rubin et al., 2000) , showing the quality of the candidate sequences. We also provided two pieces of additional evidence for these candidates, i.e. potential secondary structures, and base preference around the stop codons. The homology of the candidates to other species supports the idea that the products are indeed functional.
The performance of the system can be evaluated statistically by the number of known 'readthrough genes' that the system extracted and the number of those that the system failed to extract. As there are few known readthrough genes in D.melanogaster, the statistical evaluation in this way is not feasible. However, our system The e-value between DMIS297 and AAA28035.1 was 2.00e-74, and the identity was 31.008%. The e-value between DMIS297 and NP 012184.1 was 6.00e-78, and the identity was 31.47%. Two common motifs in the three eucaryotes were 'Reverse transcriptase (RNA-dependent DNA polymerase), defined as 'rvt', and Integrase core domain defined as 'rve'. (b) Comparison of the DMMEF2 gene with homologous protein of C.elegans. The e-value between DMMEF2 and CAB02131 was 1.00e-35, and the identity was 42.994%.
extracted DMIS297 as true positive (Table 1 ). In addition, the system can extract the hdc gene (DMRNAHDCP), if the reliability check ( Fig. 1 Step 4) is skipped. We found that the hdc gene is dropped at reliability check because translation of hdc is known to be regulated by readthrough, and extended product of hdc instead of shorter one is registered in nr database. Up to now, there have only been a few genes whose translation is known to be regulated by readthrough mechanism (Beier and Grimm, 2001; Steneberg and Samakovlis, 2001; Tamada and Kusume, 1991) . We have provided the first comprehensive list of these candidates, although biological experiments to prove the existence of short and long proteins whose C-terminals correspond to the 1st and 2nd stop codons respectively in vivo are necessary to prove that the candidates indeed regulate translation via readthrough mechanisms.
Currently, the system extracts only sequences which have a known motif at 3 UTR as candidates. However, the readthrough may occur for those with no known motif at 3 UTR, implying that there are still certain amounts of readthrough genes not in the candidate list. To extract them as candidates, other strong evidence for readthrough is needed.
Readthrough involving a frameshift has been reported in several organisms, including release factor 2 of Escherichia coli (Craigen et al., 1985) . According to Table 1 , over half of the motifs in 3 UTR are not located in the same reading frame as the 1st stop codon, suggesting that frameshifts may occur for some of these candidates. Interestingly, some of the candidates have multiple motifs in different reading frames, implying the possibility that readthrough produces alternative proteins depending on the reading frames in 3 UTR to be encoded.
There are many transcription factors in the list of candidates. Thus, it is possible that readthrough activates the transcription factor so that the next gene in the gene regulatory pathway can be expressed. We believe that the expressional analysis of these candidates will provide further insights into the regulatory role of the readthrough event.
